Heavy-ion beams are powerful mutagens. They cause a broad spectrum of mutation phenotypes with high efficiency even at low irradiation doses and short irradiation times. These mutagenic effects are due to dense ionisation in a localised region along the ion particle path. Linear energy transfer (LET; keV·μm -1 ), which represents the degree of locally deposited energy, is an important parameter in heavy-ion mutagenesis. For high LET radiation above 290 keV•μm -1 , however, neither the mutation frequency nor the molecular nature of the mutations has been fully characterised. In this study, we investigated the effect of Fe-ion beams with an LET of 640 keV•μm -1 on both the mutation frequency and the molecular nature of the mutations. Screening of well-characterised mutants (hy and gl) revealed that the mutation frequency was lower than any other ion species with low LET. We investigated the resulting mutations in the 4 identified mutants. Three mutants were examined by employing PCR-based methods, one of which had 2-bp deletion, another had 178 bp of tandemly duplication, and other one had complicated chromosomal rearrangements with variable deletions in size at breakpoints. We also detected large deletions in the other mutant by using array comparative genomic hybridisation. From the results of the analysis of the breakpoints and junctions of the detected deletions, it was revealed that the mutants harboured chromosomal rearrangements in their genomes. These results indicate that Fe-ion irradiation tends to cause complex mutations with low efficiency. We conclude that Fe-ion irradiation could be useful for inducing chromosomal rearrangements or large deletions.
INTRODUCTION
Heavy-ion beams comprise accelerated heavy ions that are produced by using accelerators such as cyclotrons or synchrotrons. They have been accepted as an efficient technology for the mutation breeding of plants and microbes. Heavy-ion irradiation induces a broad spectrum of mutation phenotypes even at low irradiation doses and for short irradiation times (Tanaka et al., 2010; Abe et al., 2012) . Heavy-ion irradiation has also been accepted as a powerful mutagen for both forward and reverse genetics. Therefore, studies on biological processes in plants and microbes have been advanced by using heavy-ion irradiation (Hase et al., 2000 (Hase et al., , 2006 Shitsukawa et al., 2007; Shimada et al., 2009; Yasui et al., 2011; Fujita et al., 2012; Sasaki et al., 2012; Ishikawa et al., 2012; Kazama et al., 2013; Hirano et al., 2013; Ma et al., 2013) .
A noted physical characteristic of heavy-ion beams is that the accelerated particles densely deposit their energy in a localised region along the particle path. Therefore, heavy-ion beams are called high linear energy transfer (LET; keV·μm -1 ) irradiation, as opposed to low LET irradiation from X-rays and γ-rays. The LET of γ-rays is 0.2 keV·μm -1 , whereas the LET of heavy-ion beams can be altered by selecting the ion species or controlling its velocity. It is well known that high-LET radiation shows stronger biological effects than low-LET radiation (Yatagai, 2004; Tanaka et al., 2010) . We have studied the effect of LETs by using the model plant Arabidopsis thaliana. When the albino mutant incidence was investigated in the M 2 generation after irradiation treatment with heavy-ion beams with LETs ranging from 22.5 to 640 keV·μm -1 , the most effective LET was found to be 30.0 keV·μm -1 (Kazama et al., 2008) . This irradiation treatment showed similar mutagenic efficiency to that of ethyl methanesulphonate (Koornneef et al., 1982; Kazama et al., 2011) . The LET of 30.0 keV·μm -1 was also efficient for causing a high mutation frequency in the M 1 generation . This highly efficient LET was designated as LETmax. The value of the LET also affects the size of the induced deletion: it becomes large with increasing LET Kazama et al., 2011; Hirano et al., 2012) . Taken together, it is possible to select the LET value depending on the experimental purpose or target genes. LETmax is suitable for inducing single gene mutations, because it provides a high mutation frequency and mainly causes deletions with the size range of 1-53 bp (Kazama et al., 2011) . LET at 290 keV·μm -1 is useful for disrupting tandemly arrayed multiple genes, since it causes large deletions, the extent of which disrupt more than 2 tandemly arrayed genes . Herein, we focus on the mutagenic effect of Fe ions, which have the highest LET (640 keV·μm -1 ) among the commonly used ion species at RIKEN. In a study on the microbe Mesorhizobium loti, Fe ions showed a tendency to induce larger deletions with higher mutation frequencies than carbon ions at 23 keV·μm -1 . On the other hand, knowledge of the effect of heavy-ion beams with higher LET regions, such as 640 keV·μm -1
, is still limited for plants. In this study, we investigated the mutation frequencies and sizes of mutated DNA regions in A. thaliana after irradiation with Fe ions. We also adopted an array-comparative genomic hybridisation (array CGH) analysis to investigate the effect of mutation induction at the whole genome level.
MATERIALS AND METHODS
Irradiation treatment Dry seeds of A. thaliana ecotype Columbia (Col-0) were packed in a plastic bag to obtain a monolayer of seeds. The seeds were irradiated with 56 Fe 24+ ions at a dose of 50 Gy by using the E5 beam line in the RIKEN RI-beam factory. The ions were accelerated up to 90 MeV/nucleon, at which the LET value of the 56 Fe 24+ ions was 640 keV·μm -1 . The LET value was calculated behind the seeds. The irradiated M 1 seeds were surface-sterilised by dipping them in 1% sodium hypochlorite for 10 min. Following this, they were washed 5 times with sterilised water, and then incubated on 0.7% agar-containing Murashige and Skoog (MS) medium that was supplemented with MS vitamins and 3% sucrose at 4°C in the dark for 4 d to induce vernalisation. The M 2 seeds were collected as described previously (Kazama et al., 2011; Hirano et al., 2012) . In short, eleven seedlings were grown in a plastic tray, from which M 2 seeds of all plants were corrected and were treated as one batch.
Mutant screening and identification of mutated genes At least 110 M 2 seeds per batch were sown, and germinating plants were used for mutant screening. From the M 2 generation, hy and gl mutants were screened, whose phenotypes were long-hypocotyl (Koornneef et al., 1980) and non trichome (Walker et al., 1999) , respectively. The putative responsible genes of hy and gl mutants (HY1, HY2, HY3, HY4, and HY5 for hy mutants; GL1, GL2, and TTG1 for gl mutants) were amplified by performing PCR, and then the amplified fragments were sequenced as described previously (Kazama et al., 2011; Hirano et al., 2012) . When the whole region or a part of the coding region of the putative responsible genes could not be amplified, flanking sequence analysis by using TAIL-PCR was performed (Liu et al., 1995) . Because of the limited number of hy and gl mutants that were identified, we also screened 2 morphological mutants, brevipedicellus (bp), whose phenotype was downward-pointing flowers (Venglat et al., 2002) , and narrow leaves (nl) (Kim et al., 2002; Horiguchi et al., 2005) . Then, we analysed their putative responsible genes (BP for bp mutant; AN, AN3, AtGRF5 for nl muant). The M 3 seeds of the mutants were harvested and the phenotypes of the M 3 plants were analysed to confirm whether the phenotypes of the mutants were inherited.
Array CGH analysis We requested support from Roche NimbleGen Inc. (Madison, WI, USA) for the generation of custom oligonucleotide arrays. The whole genome sequence of A. thaliana (TAIR8, http://www.arabidopsis. org/) was tiled with oligonucleotides that started every 50 bp. Oligonucleotide probes were designed to represent the non-repetitive DNA sequence. The oligonucleotides were designed to be of variable length and adjusted to match a target melting temperature of 76°C. Probe lengths were constrained to a minimum of 50 and a maximum of 75 bp. The DNA of the wild-type and the mutant (Fe-148-pg1) was isolated by using a Nucleon PhytoPure kit (GE Healthcare UK Ltd, Buckinghamshire, England). The DNA was labelled as described previously (Lucito et al., 2003) . The DNA of the wild type and that of the mutant (Fe-148-pg1) were labelled with Cy5 and Cy3, respectively. Hybridisation, washing, and scanning were conducted by Roche NimbleGen. Fluorescence intensity raw data were obtained from scanned images of the oligonucleotide tiling arrays by using NimbleScan 2.4 extraction software (Roche NimbleGen Inc.). For each spot on the array, log 2 ratios of the Cy3-labelled sample (Fe148-pg1 mutant) vs. the Cy5-reference (wild-type) were calculated. The sequence positions that are represented in the present study were based on The Arabidopsis Information Resource (TAIR 10; http://arabidopsis.org).
RESULTS

Mutant screening
The hy and gl mutants were screened in the M 2 generation after Fe-ion irradiation at a dose of 50 Gy, for which the highest frequencies of albino mutants was observed in the dose range 5-150 Gy (Kazama et al., 2008) . The methods of screening and calculation of mutation frequencies were the same as those of previous studies (Kazama et al., 2011; Hirano et al., 2012) . The mutation frequencies of the hy and gl mutants for Fe-ion irradiation were 0.13‰ and 0.03‰, respectively (Table 1 ). These mutation frequencies were lower than that for any other ions that were previously tested (Kazama et al., 2011; Hirano et al., 2012) . Because of the low mutation frequencies for Fe-ion irradiation, we also isolated one bp mutant (Venglat et al., 2002) and one nl mutant (Kim et al., 2002; Horiguchi et al., 2005) from the M 2 generation, and included them for the characterisation of the DNA mutations.
Characterisation of DNA mutations induced by using Fe-ion irradiation To investigate the structure of mutated DNA in the isolated mutants that was caused by carrying out Fe-ion irradiation, DNA from the isolated mutants was subjected to PCR and sequencing analyses by using primers specific for the genes that were responsible for the hy, gl, bp, and nl phenotypes. From the genome of the hy mutant (Fe-87-hy1), fragments having similar sizes compared to that of the wild type were amplified by performing PCR. Sequencing analysis revealed that the mutant harboured a 2-bp deletion in the second exon of the gene HY3 (Fig. 1A) . All of the hy mutants were isolated from the same batch and were thought to have originated from same M 1 plants. To ascertain that all mutants classified in the same mutant line had an identical DNA mutation, the hy mutants were confirmed by PCR and sequencing. Since all of the hy mutants harboured 2-bp deletion in the HY3 gene, we considered the hy mutants as one mutant line (Fe-87- 
). PCR analysis of the nl mutant (Fe-88-nl1) showed amplification of a fragment that was larger than the wild type. Sequencing analysis revealed that the Fe-88-nl1 mutant had a 178-bp duplication in the gene AN3 (Fig.  1B) . Both ends of the 178-bp duplication had a common 5-bp sequence (GGTAA).
Complex rearrangement detected in the Fe-67-gl1 mutant In the Fe-67-gl1 mutant, a 13-kbp region that covered the entire sequence of GL1 could not be amplified Table 2 . Effect of Fe-ion beam on mutation induction by performing PCR. Because no fragments were amplified by using primer sets that were designed for both ends of this 13-kbp region, we expected that some chromosomal rearrangements had taken place. To identify the junction sequences of the rearrangements, we designed primers for TAIL-PCR. When a fragment was amplified by performing TAIL-PCR, it was sequenced. Then, another TAIL-PCR was performed to identify the next junction. We continued to perform TAIL-PCR until no fragment was amplified, which was probably due to genomic repetitiveness or extensively low G/C content. All of the detected junctions in the Fe-67-gl1 mutant are shown in Fig. 1C . A 689-kbp chromosomal region in chromosome 3, including the GL1 gene, was divided into at least 14 fragments. The 14 fragments may have been rearranged without the 13-kbp fragment. All of the possible breakpoints that were detected contained deletions ranging from 2 to 13,139 bp, and none had duplications ( Supplementary  Fig. S1 ). Of the detected junctions, 6 had short regions with sequence homology (microhomology), whereas 5 had inserted DNA fragments, which are termed filler DNA (Gorbunova and Levy, 1999) . There was no junction that simply rejoined the broken ends ( Supplementary Fig.  S2 ). The 689-kbp chromosomal region in chromosome 3 also contained 447-bp fragment derived from chromosome 2 ( Supplementary Fig. S2 , Junction ID: g). We performed PCR to test whether the corresponding fragment on the chromosome 2 was amplified in the Fe-67-gl1 mutant or not. As a result, a fragment having the same size as that in the wild type were amplified from chromosome 2 of the mutant, indicating that the 447-bp fragment was duplicated in the genome of the Fe-67-gl1 mutant.
Genomic evaluation of mutations in Fe-148-pg1 by using array CGH From phenotypic characterisation, Fe-148-pg1 was expected to be a mutant of bp (Venglat et al., 2002) . When PCR was performed by using primer sets that were designed around the BP gene, no fragments were amplified from the Fe-148-pg1 mutant. We then designed primer sets on the neighbouring regions of BP. The PCR results indicated that the expected deletion in Fe-148-pg1 was over 80 kbp (data not shown). Array CGH is an effective method for detecting such a large deletion (Nagano et al., 2008; Yu et al., 2011) . Moreover, array CGH can be used to detect deletions and duplications at the whole genome level. For array CGH analysis, we created an original array in which each probe was designed at every 50 bp (see MATERIALS AND METHODS). Candidate copy number variations were identified by finding more than 4 consecutive probes with log 2 ratios that were greater than ±1.0 (Yu et al., 2011) . Thus, we expected that our array was able to detect deletions that were more than 200 bp at the whole genome level. DNA from the wild-type Columbia (Col-0) plant and the bulk of the M 3 plants of the Fe-148-pg1 mutant were labelled with Cy5 and Cy3, respectively, and then hybridised to the array (see MATERIALS AND METHODS). The results are shown in Fig. 2 tion in the region of the candidate deletion, the candidate deletion was determined as being heterozygous in the M 2 generation. Finally, we detected 7 deletions and 1 candidate duplication (we could not confirm the duplication by performing PCR) ( Table 2 and Fig. 2 ). Candidate deletions that were supported by the higher log 2 ratio tended to be homozygous. On the other hand, candidate deletions that were supported by log 2 ratios lower than 1.209 were false positives. We also tested 4 additional candidates that were supported by log 2 ratios lower than 1.0: they were also false positives (data not shown).
From the results, it is suggested that candidates having log 2 ratios of over 1.2 should be considered as possible candidates in this array platform. We attempted to detect the breakpoints and junctions of 4 homozygous deletions by performing TAIL-PCR (BP ID: 1-4 in Table  2 and Fig. 3 ). The breakpoints that were detected revealed that the actual size of the deleted regions ranged from 7 to 90,737 bp. In the 8 junctions that were detected, 4 had micro-homology (the upstream junction of BP ID: 2, and the downstream junctions of BP ID: 1, BP ID: 2, and BP ID: 3) and 1 had filler DNA (the upstream junction of BP ID: 1). There was no simple deletion in which both the up and down stream ends of a deletion were rejoined directly. One of the break ends in BP ID: 3 was rejoined to the candidate region of duplication in chromosome 1 (Fig. 3) , which suggests that a duplicated fragment was part of the rearrangement.
DISCUSSION
Low mutation frequencies in Fe-ion irradiation
Our results revealed that mutation frequencies in the Feion-irradiated A. thaliana were lower than those in the other ion-irradiated specimens (C ion with LET of 22.5 or 30.0 keV·μm , Hirano et al., 2012) , when the incidences of the hy and gl mutants were calculated for the M 2 generation. Low mutation frequencies for Fe-ion irradiation were also observed when the incidence of albino mutants was determined (Kazama et al., 2008) . These outcomes are likely due to the low number of irradiated Fe ions. Because the dose is proportional to the product of the LET multiplied by the number of ion particles, the number of Fe-ion particles (640 keV·μm -1 ) is lower than that of the other ion particles (22.5, 30.0, or 290 keV·μm -1 ) at the same dose. Thus, irradiation with Fe ions requires a higher dose than irradiation with other ions to obtain the same particle number. For example, with the same particle number for Ar ions at its most effective dose (50 Gy), the dose of Fe-ion irradiation reached about 110 Gy. However, a severe lethal effect was observed at this dose for Fe-ion irradiation (Kazama et al., 2008) . Therefore, such high-LET radiation could not result in the high mutation frequency. The low mutation frequency for Fe-ion irradiation could also be explained by the proportion of induced chromosomal rearrangements. It has been reported that large deletions or rearrangements cannot be transmitted to the next generation because they include genes that are essential for gamete development or viability (Naito et al., 2005) . We previously observed that the frequency of large deletions and rearrangements increases as the LET values increase (Kazama et al., 2011; Hirano et al., 2012) . We also observed that the transmissibility of the mutations also decreases as the LET values of the radiation increase . It is possible that Fe-ion irradiation could induce chromosomal rearrangements with high efficiency, thereby resulting in a low mutation frequency in the M 2 generation.
Complex rearrangement induced by Fe-ion irradiation
Although the number of analysed mutants was very small, we determined complex rearrangements in the 2 of the 4 mutants that we analysed. One had intrachromosomal rearrangements with a large deletion (Fe-67-gl1; Fig. 1C ) and the other had interchromosomal rearrangements with 3 large deletions (Fe-148-pg1; Fig. 3 ). It is likely that these complex rearrangements were typical mutations that are caused by such high-LET irradiation. Data from both Monte Carlo calculations and experimental measurements have revealed that low-LET radiation-induced double strand breaks (DSBs) are distributed more uniformly along the DNA, whereas a much larger proportion of high-LET radiation-induced DSBs are distributed locally and densely (Fakir et al., 2006; Alloni et al., 2010) . Moreover, complex DSBs are difficult to repair (Blocher, 1988; Pastwa et al., 2003) . Therefore, it is reasonable to assume that the highly complex rearrangements that were detected in this study may have been produced because of repair or misrepair of the densely distributed DSBs. Large deletions could emerge when the fragmented DNA that is produced by clustering DSBs is lost. Complex intrachromosomal rearrangements could be produced when fragmented DNA is randomly rejoined with each other. Such misrepairs and complex rearrangements may also contribute to the loss of transmissibility of the mutated genes (see above).
Most of all, the breakpoints that were detected in this study had deletions whose sizes varied from 2 to 90,737 bp ( Fig. 3; Supplementary Figs. S1 and S2) . Shikazono et al. (2005) reported that electrons cause duplications at breakpoints, whereas heavy-ion beams do not. These observations are well supported by our results. The proportion of deletions with sizes from 100 bp to 1 kbp to the total number of deletions that were detected in Fe-ion irradiation was high (31%; 4 deletions of the identified 13 ones, see Figs. 1A and 3; Supplementary Fig. S1 ) in comparison to deletions that are induced by γ-rays (0%, Morita et al., 2009 ) and heavy ions with lower LETs (0% Fig. 3 . Sequences of the rejoining sites in Fe-148-pg1. The break point (BP) IDs correspond to detected deletions that are represented in Table 2 . The rejoined sites were identified using TAIL-PCR. In the sequences for the junctions, homologous regions are represented by lines that are drawn between the wild type and mutant sequences, and italics show the reversed sequences. The sequences in the black boxes represent base substitutions and inserted sequences, and micro-homologies in the rejoining sites are boxed. Hirano et al., 2012) . Moreover, the 178-bp duplication that was detected in the Fe-88-nl1 mutant was not detected for any other type of heavy-ion irradiation with lower LETs; this duplication might have resulted from an error in synthesis-dependent strand annealing. Such large complexities at breakpoints appear to be reflected in the difficulty of repairing Fe-ion induced DNA lesions. We should note that the data on the deletion sizes in this study and previous ones could not be simply compared because the ways that they were analysed were different. Our results were obtained by analysing only 4 mutants, in which we detected breakpoints both in gene and nongene regions. On the other hand, previous results were obtained by analysing many mutants for which only one gene that was putatively responsible for their phenotypes was characterised.
Array CGH can contribute to detecting deletions and duplications at the whole genome level Array CGH is a well-developed technology for detecting changes in the copy number of chromosomal DNA segments (Halper-Stromberg et al., 2011) . By using array CGH, we successfully detected deletions or duplications in an Fe-ion induced mutant (Fe-148-pg1). Our array design was thought to be able to detect deletions 200 bp or larger, although unexpectedly, we could detect even a 7-bp deletion. Our data also demonstrated that our array design could detect both homologous and heterologous deletions. Thus, the array CGH could be used to determine the number of mutations at the whole genome level in which 200-bp deletions and more can be detected. Confirmation of these mutations by using PCR revealed that log 2 ratios of over 1.2 should be considered as positive signals in this array platform, which indicates that deletions and duplications can be easily detected by using the log 2 ratios as reliable indicators. The array CGH data in our experiment revealed that 7 deletions and 1 duplication were induced by Fe-ion irradiation at a dose of 50 Gy. Such a small number of induced mutations could support the idea that heavy-ion beams are able to induce mutations to change a target trait without affecting other plant characteristics. This is thought to be due to the small number of induced mutations . Further experimental evidence is needed to confirm this issue.
CONCLUSIONS
In the present study, we revealed that Fe-ion beam can induce a large variety of mutations, such as deletions, duplications, insertions, and translocations. In particular, a combination of large deletions and chromosomal rearrangements was detected by using a PCR-based method and array CGH. Therefore, Fe-ion irradiation could be useful for the study of chromosome rearrangements or knockouts of tandemly arrayed genes. Moreover, the combination of Fe-ion irradiation and array CGH within our design is a valuable method for screening rearrangements at the whole genome level. We should note that Fe-ion irradiation also causes small mutations such as 2-bp deletions. Therefore, genome re-sequencing of mutants by using next generation sequencing is needed to completely clarify the effect of heavy-ion irradiation on the whole genome.
